The transient species CH,S and HCS were studied by photoionization mass spectrometry. They were prepared in situ from CH$H by sequential hydrogen abstraction with fluorine atoms. CHzS was also prepared by pyrolysis of CH,SCl and CH$SCH3. The photoion yield curve of CH,S displays an abrupt threshold, and is similar in overall shape to that of the homologue CH,O. The adiabatic ionization potential of CH,S is found to be 9.376*0.003 eV. Evidence has been found for nd and/or ns and np Rydberg states converging to the first excited state of CH,S+. In addition, the HCS+ fragment from CH,S has been determined to appear at < 11.533 *to.02 1 eV at 0 K. In contrast to CH,S, the photoion yield curve of HCS+ from HCS displays a very broad Franck-Condon envelope, consistent with a transition from bent HCS to linear HCS +. A Poisson fit to the experimental Franck-Condon factors indicates that the adiabatic ionization potential of HCS is (7.499*0.005 eV, and perhaps as low as 7.412*0.007 eV. The fragment curves at m/e=46, 47, 48, and 49 from CH$SCH3 have also been examined, and their relative shifts in energy determined. Together with measurements on CH,S and HCS, and the previously reported efl (CH,SH+) =211.5 h2.0 kcal/mol ( ~213.1 *to.2 kcal/mol), this is sufficient to establish AR0 (CH,S) =28.3 h2.0 kcal/mol (<29.9*0.9 kcal/mol) and Lvpfo (HCS)=71.7*2.0 kcal/mol ((73.3hl.O kcal/mol), >69.7+=2.0 kcal/mol). These values are in very good agreement with recent ab initio calculations. The implications for various bond energies within the CH,S system are also discussed.
INTRODUCTION
In the course of recent photoionization mass spectrometric (PIMS) studies' of CHzSH and CHsS produced by the reaction of F atoms with CH,SH, we noted that measurable quantities of CH,S and HCS were being generated, presumably by successive H atom abstraction. Two prior photoelectron spectroscopic studies of CH,S have been reported. Kroto and Suffolk2 obtained 9.34kO .01 eV for the adiabatic ionization potential (I.P.) of CH,S, while the experiments of Solouki et al3 yielded 9.38 eV. We are unaware of any previous studies on the HCS species. Thus an examination of HCS and CH,S by PIMS seemed in order.
An indirect approach to I.P.(HCS) is possible if both h (HCS+) and ti@(HCS) are well known. Butler and Baer4 had determined appearance potentials ( A.P. ) of HCS+ from thiirane (C,H,S), thietane (C,H,S), tetrahydrothiophene (C4HsS) and thiophene (C4H4S). From the experiments with thietane and tetrahydrothiophene, they deduced eD( HCSf ) = 233 f 2 kcal/mol. The high value obtained from thiirane (245 f 2 kcal/mol) was attributed to a reverse activation barrier, while that from thiophene ( (25 1 f 2 kcal/mol) was considered to be affected by a kinetic shift, since C2H2S+ appeared at a lower energy. Earlier, Butler and Baer' had determined hss (HCS) <73 f 2 kcal/mol; combining these values leads to I.P. (HCS) 26.9 j=O. 1 eV. More recently, the proton affinity (P.A. ) of CS has been measured by Smith and Adams6 to be 188.2 f 1 kcal/mol, and calculated by Botschwina and Sebald7 to be 189.5 f 1.2 kcal/mol. These values, together with L?$.~ (CS) =65.9*0.5 kcal/mol (Ref. 8) [ kcal/mol.' A mean value of AJ$,( HCS+ ) =243.2 f 1.9 kcal/mol would currently be the best estimate. Within the uncertainty, this value is essentially that obtained by Butler and Baer4 from thiirane, but rejected. In hindsight, their thresholds for HCSf from thietane and tetrahydrothiophene (see especially their The adiabatic I.P. of CH,S is the difference between AH"f(CH2Sf) and Mfl(CH2S). The latter may be estimated from the proton affinity of CH,S (Ref. 10) (185.5 f 1 kcal/mol, corrected to the modern scale) and tifl(CH2SH+)=211.5*22.0 kcal/mol.' Thus Mfl( CH$) = 30.4& 2.2 kcal/mol. The value of AI$r, (CH,S+) obtained in an earlier study from our laboratory" is (241.8 kcal/mol. From these quantities, one would deduce I.P.(CH,S)(9.17*0.1 eV, about 0.2 eV lower than the photoelectron spectroscopic values.2'3 However, the appearance potential of CH,S+ (CH,SH) on which Agfl(CH2S+) is based is highly uncertain. The related fragment yield curve has very pronounced curvature," and, with no objective way to establish a rigorous threshold, a value close to the background level had been selected.'* In order to provide an independent means of establishing Ai!$,(CH2S+), as well as other quantities that enter into these studies, we have examined the photodissociative ionization of methyl disulfide (CH,SSCH,) previously reported by Butler et al. I3 10 10 
II. EXPERIMENTAL ARRANGEMENT
Both CH,S and HCS were prepared in situ by the reaction of F atoms with methyl mercaptan, CH3SH. Fluorine atoms were generated by microwave discharge through pure F2. The description of the discharge tube and reaction cup has been given previously, together with the photoionization mass spectrometer. '4 In a different set of experiments, CH,S was prepared by pyrolysis of methyl disulfide, CH3SSCH3 (at -650 "C) and methanesulfenyl chloride, CHsSCl (at -540 "C and also at -370 "C). The pyrolysis oven consisted of a straight quartz tube ( -6 mm o.d.) located immediately above an "open" ionization chamber. The bottom section (-10 cm) of the tube was tightly wrapped by a resistive heater and insulated with tantalum foil, leaving an unheated section of -6 cm immediately above the ionization chamber. During the experiments, the temperature of the oven was monitored with a chromel-alumel thermocouple. An attempt was also made to prepare HCS by reacting CH,S (produced by pyrolysis) with F atoms. This approach, however, yielded a somewhat lower usable intensity of photoions and substantially higher stray ion background levels than the CH,SH+F reaction, and was not further pursued.
All chemicals (except CH,SCl) were of commercial origin and highest available purity. Small batches of the methanesulfenyl chloride sample were freshly prepared before each run by chlorination of CH,SSCH, at -17 'Cl5 In order to have better control over the flow rate, CH,SCl was admitted into the instrument from a saturated salt/ice slush bath. The measurements were performed utilizing the peak light intensities in the many-line emission spectrum of a discharge in molecular hydrogen. The nominal wavelength resolution was kept at 0.84 A (full width at halfmaximum) throughout all experiments.
Ill. EXPERIMENTAL RESULTS
A. CH,S
The parent CH@ ion
The CH,S species was most conveniently prepared by pyrolysis of methanesulfenyl chloride, CHsSCl. The photoion yield curve of CH,S+ (CH,S), obtained at -370 "C, is presented in Fig. 1 (a) . After the threshold at 1322.3 A (vide infra), the photoion yield curve displays a featureless plateau until -1235 A. At -1230 A, peaks due to autoionization start appearing and persist until the end of the recorded spectrum ( 1000 A). Underlying these peaks, the mildly growing plateau continues until -1150-l 140 A. At this point, the photoion yield curve sttrts rising abruptly, reaches a maximum at -1110-l 100 A, and then sharply declines until -1050-1040 A, after which it again continues with a mild, gradual growth.
CH,S was also prepared by reaction of F atoms with CH,SH, presumably in a two-step hydrogen abstraction. The threshold region, obtained during these experiments, is shown in Fig. 2(a) . The photoion yield curve displays an abrupt, steplike onset, characteristic of ionization dominated by the O-+0 transition. The midrise of the onset in Fig. 2(a) occurs at 1322.3AO.4 A=9.376*0.003 eV, and represents the adiabatic I.P. of CH$.
An almost identical spectrum of the threshold region, obtained during an experiment where CHzS was prepared by pyrolysis of methyldisulfide, CHsSSCH, at -650 "C, is shown in Fig. 2 (b) . Here due to the higher temperature of the experiment, a weak hot band [ 1341.1 AO.7 A, shown enlarged in the inset of Fig. 2(b) ] is detectable below the threshold. Its intensity is roughly 190 times less than that of the 0-O step, and its position corresponds to a frequency of -1060*60 cm-' in the neutral.
In both Fig. 2 (a) and 2(b), there is a hint of a mild step in the plateau region. This step is centered at -1304.4 ho.9 A and it corresponds to a weak O-+ 1 transition with an ion frequency of 1050 f 80 cm-' and a Franck-Condon factor -11 times lower than that of the O-0 transition.
If we assume that the Franck-Condon factors for the 0 -+ 1 and I+ 0 transitions are essentially the same, then the ratio of the intensities of the O-1 step and the hot band suggests a Boltzmann temperature of -270 "C. This is significantly lower than the oven temperature ( -650 "C), and can be attributed to collisional cooling in the final unheated portion of the quartz oven (see Sec. II).
The HCS fragment from CHS
An initial attempt to determine accurately the appearance potential of the HCS+ fragment from CH,S was carried out during the experiments involving the pyrolysis of CHsSSCH,. However, the HCS+ ion yield curve displayed a very long, albeit weak, tail extending to much lower energies than expected. Ion-molecule reactions, suspected initially as possible culprits, were ruled out after it was established that the HCS+/CH,S+ ratio in the tail did not change appreciably over a pressure range varying by roughly a factor of 30. Variations of repeller settings and pyrolysis temperatures also had no significant influence on the tail region. Although the main products of the pyrolysis of CHsSSCHs were CH,S and CH$H, more than a dozen other parents and/or fragments could be detected at -11 eV ionization energy, suggesting that the tail originated from some other species emanating from the oven.
Next, a pyrolysis of CH,SCl was attempted. This system provided a substantially "cleaner" source of CH$: In addition to CH2S and its counterpart, HCl, the main impurity detected was CS2. Nevertheless, the HCS+ fragment curve was very similar to that obtained during the CHsSSCHs pyrolysis. Again, different pressures and oven temperatures were explored, but the origin of the long tail could not be determined. Finally, the spectrum was recorded at two temperatures ( -540 and -370 "C) and found to differ only slightly.
The possibility that at least a portion of the tail intensity originates in an ion-pair process (CH,S+hv+HCS+ +H-) was also tested. However, at a few intense light peaks in the region of 1090-l 120 A, only a barely detectable H-signal was observed, with an intensity -4 orders of magnitude weaker than the CH,S+ parent, and at least a factor of 400 lower than the intensity of the HCS+ tail.
The overall curve of the HCS+ fragment, obtained at -370 "C!, is shown in Fig. 1 (b) . The contribution of HCS + from unpyrolyzed CHsSCl is relatively insignificant and amounts to -6% of the total HCS+ signal at 1015 A, -14% in the region 1080-1085 A, -9% at 1100 A, and -13% at 1130 A.
At the shortest explored wavelength, the intensity of the HCS+ fragment is -65%-70% of the parent CH$+. Going toward longer wavelength, the ion yield curve remains relatively flat until -1030 A, and then dips toward -1085 A. The last section of this decline, -1060-1085 A, seems almost linear. At -1085 A a change in slope occurs [see expanded inset of Fig. lib) ], and another qyasilinear portion ensues until -1120 A. Beyond -1120 A, the ion yield curve decays exponentially and maintains at longer wavelengths a very weak, but measurable intensity, even when the incomplete separation of m/e =45 (HCS+ ) and 46 (CH,S+) in our quadrupole mass filter is taken into account.
The shape of the fragment curve suggests that the growth of the ion yield beginning at -1085 A and continuing to shorter wavelength represents the fragment HCS+ from CH,S, while the section between -1085 and -1120 A together with the exponential tail to longer wavelengths represents a spurious "background" of unknown origin. Thus we choose as a significant threshold the point of intersection of the linear ascent between -1060-1085 A and a linear sloping background extending to -1120 A (see Fig. 3 ). By least squares fitting, this i i-, '. r '-,-T--r-T I , I I I I ( intersection is found to occur at 1081.9ct1.5 Asl1.460 kO.016 eV. Based on the shape of the fragment curve, the only other possible choice for this threshold would be somewhere deep in the exponential tail region, at A > 1180 A, giving an A.P. < 10.5 eV. This, however, would be implausibly low (by > 15-20 kcal/mol), when compared to the current best estimates of AH"/( CHzS) and AH",(HCS+) given in Sec. I.
In Sec. III A 1 we have shown that the Boltzmann temperature of the CH$ molecules in the ionization chamber was considerably lower than the nominal oven temperature, due to collisional cooling in the unheated section of the quartz tube. Assuming a simple dependence between the degree of cooling and the difference in temperature of the heated and unheated section, one can infer that the Boltzmann temperature of the CHzS sample during the present experiment was about 150-190 "C. With known frequencies of CHZS, '6 this results in an internal energy correction of 0.074~0.005 eV. Therefore, the appearance potential of HCS+ from CH,S, at 0 K, is ( 11.533 do.021 eV.
HCS" from HCS
During some of the CH,SH+F experiments, a measurable ion signal at m/e=45, attributable to HCS+ from HCS, could be detected at wavelengths above -1400 A. The prerequisites were a particularly favorable surface condition in the reaction cup and a relatively intense production of F atoms. With these conditions, the hydrogen abstraction of CH,SH (presumably involving surface reactions) could be nominally carried over three steps, generating the HCS radical. Even under the best of circumstances, the relative abundance of the HCS species was extremely weak.
The resulting photoion yield curve ( A~7.675 +0.007 eV, is quite rounded, and is followed by a step at 1598.4kO.7 A=7.757*0.003 eV, which then merges into an autoionizing resonance. Two more steps are visible at 1580.0~0.7 A=7.847~0.003 eV and at 1563.4 f 0.7 A = 7.930 f 0.003 eV. The next step, at -1545 A is almost completely masked by a resonance peak, and any further steps are difficult to discern. The average distance between the steps is 0.087*0.004 eV = 700*30 cm-'.
The underlying staircase structure, corresponding to direct ionization, is a manifestation of a very broad Franck-Condon distribution and reflects a significant change in geometry. The apparent threshold at -1650 A, is very weak and cannot be a priori interpreted as the adiabatic ionization onset. The problem arises because of declining Franck-Condon factors, low abundance of the HCS species and low light intensity in this region. Presumably, the true adiabatic threshold could be occurring at even lower energies, with a vanishingly small FranckCondon factor. Alternatively, the tail above -1640 A might be attributed to a hot band contribution. Thus from the observed steplike features alone, we can conclude only that I.P.(HCS) ~7.586*0.003 eV, and is perhaps lower by one or more vibrational quanta of magnitude 0.087 f 0.004 eV.
In the past, we have found that the species emanating from our reaction cup have a Boltzmann temperature very near to 300 K (presumably due to multiple collisions with the walls of the reaction cup). If the residual tail in the 1640-1650 A region were to correspond to a hot band, then the 0-O transition would occur at 1634.3 A and the O-1 transition at 1615.5 A. The step height (proportional to the Franck-Condon factor) of the presumed O-+ 1 transition is (in arbitrary units of Fig. 4 ) 0.44-0.48. Assuming that the Franck-Condon factor for a 1 +O transition is similar to that of a O-, 1 transition, leads to an estimated intensity for a hot band of -0.015, or at most 0.02 (in the same arbitrary units). The measured intensity in the "tail" is 0.04-0.08, i.e., -2-5 times more intense, and would correspond to a Boltzmann temperature of -500 K. This makes the hot band hypothesis unlikely.
The inference deduced above can be refined by a Franck-Condon analysis. In most cases the FranckCondon factors are approximated fairly well by a Poisson distribution, a"/n!. If the adiabatic threshold is picked as 1634.3 j= 0.7 A, the resulting Franck-Condon distribution cannot be fitted even in the crudest manner by a Poisson series, regardless of the choice of the parameter a. Thus the adiabatic ionization potential of HCS has to be at least one vibrational quantum lower, i.e., I.P. (HCS) (7.499 =tO.O05 eV. With this selection for the threshold, the experimental Franck-Condon factors can be fitted reasonably well (within the expectations of such a simple model) by a Poisson distribution with a=5.6-5.8. When the adiabatic I.P. is lowered by yet another vibrational quantum, to 7.412~0.007 eV, the Poisson distribution once again fits the Franck-Condon factors fairly well (only now with a=7.4-7.8). While 7.499 eV corresponds to a threshold in the neighborhood of our last experimental point, an I.P. of 7.412 would imply that the plateau between 1640 and 1650 A is followed by another one, which is almost 1 order of magnitude weaker. Recalling the experimental limitations mentioned before, it would be extremely difficult for us to ascertain the existence of this additional step.
If the threshold is shifted to still lower energies, one encounters again a very poor fit to the resulting Poisson distribution. Therefore, it can be safely concluded that I.P.(HCS) (7.499 *0.005 eV, and possibly 7.412~LO.007 eV. Although the latter gives a slightly better Poisson fit, a clear choice between the two possibilities cannot be made with this simplified harmonic model analysis.
C. Photodissociative ionization of CHBSSCHB
We focus our attention here on four fragments (m/e=46-49), whose appearance potentials are close to one another. The dissociative ionization processes associated with these masses are as follows: The corresponding photoion yield fragment curves are shown in Fig. 5 . All have substantial curvature as they approach the background level. In addition, the m/e=48 curve displays a small constant background offset (noticeable in the magnified inset of Fig. 5 ), which is unrelated to the CH$SCHs --t CH,SH+ + CH,S process and probably arises from an impurity in the sample. To a much smaller degree, the same is true for the m/e=47 curve. Butler et al. I3 have previously examined these processes, and obtained appearance potentials by linear extrapolation. Given the pronounced curvature, this approach seems uncertain, since one has a choice of "linear" segments, which depends upon the sensitivity of the apparatus and the degree of expansion of the ordinate. Also, one can expect that these fragments will be subject to considerable retardation (i.e., kinetic shifts).
Here we attempt a different approach, which bears some resemblance to the method of extrapolated differences utilized in earlier electron impact studies. We try to match the curvatures of the respective photoion yield curves for masses 46-49, and thereby determine the relative shift between the respective appearance potentials. These shifts correspond to enthalpies of hypothetical reactions equating the products of two different fragmentation channels."
For example, the shift on the energy scale necessary to superimpose the curves for m/e=46 and m/e=48, AH,(46,48), corresponds to the enthalpy (at 0 K) of the following reaction:
This particular example is a charge transfer reaction, and its enthalpy can be readily calculated from the difference in ionization potentials of CH3SH [9.440*0.002 eV (Ref. 1 1 )] and CH,S (9.376*0.003 eV, see Sec. III A 1) to be 1.48 f 0.08 kcal/mol.
To implement the curve-matching technique, we normalize the four fragment curves in such a way that they attain the same intensity at -1030 A (which is a relatively short wavelength). This involves amplifying the relative intensities of m/e=47, 48, and 49 by 5.75, 1.96, and 7.83, respectively. In addition, m/e=47 and 48 have to be slightly shifted downwards, in order to compensate for the spurious background offsets present in the data. The result of this normalization procedure is shown in Fig. 6 . Now we can try to match the curvatures of a chosen pair of masses near threshold, by sliding one curve along the wavelength axis until it fits most closely the other curve. The latter procedure is repeated with several different expansion factors. In the case of m/e=46 and 48, the best match is obtained when m/e=48 is shifted to longer wavelength by -6rt 3 A (see Fig. 7 ). This translates into AH,(46,48) = 1.3AO.6 kcal/mol, in very good agreement with the value determined from the known ionization potentials, and given above. The matching procedure can be continued by intercomparing all possible pairs of curves. Averaging the var-
h(48)p,ot=h (48) In order to achieve a match, the m/e=48 fragment curve has been shifted by 6 A to higher wavelength.
ious shifts, and interconverting them where necessary by using AiYH,(46,48) = 1.5 kcal/mol, one can obtain the following "consolidated" values: CH,S+ +CH$H + CH$ f CH$SH+; Of these values, the two involving m/e=49 have to be regarded with caution, since the curvature associated with this fragment is somewhat different than those of the remaining three fragments. All four curves display an exponential decay pattern near threshold, but m/e=49 seems to grow more rapidly than the other three fragments in the initial ascending portion of these curves. This in turn might mean that m/e=49 is subject to a smaller kinetic shift than the other fragments, and hence AHr(46, 49) and mH,(48,49) determined here might be lower than the true thermodynamic differences. 
IV. INTERPRETATION OF RESULTS

A. CHpS
In Sec. III A 1 we have shown that the adiabatic I.P. of CH,S is 9.376=!=0.003 eV, and that the threshold region is dominated by the O-+0 transition. The latter feature is in complete agreement with the photoelectron spectra,2r3 which display a very prominent 0-O peak. Also, our I.P. is in essential agreement with the PES value of Solo&i et ~1.~ (9.38 eV, with no error bar given). Both values are listed in Table I . The older PES value of 9.34+=0.01 eV by Kroto and Suffolk2 (also listed in Table I ) is slightly lower, presumably due to a concomitant CH,SH impurity partly masking the region of interest. (where ,u and A are the reduced mass and geometry change along the relevant normal coordinate, while Y is the active frequency), one obtains A -0.025 A as the approximate change in the C-S bond length upon ionization.
As outlined before, our photoionization spectrum shows a O-+ 1 step which is -11 times weaker than the O-+0 step (see Fig. 2 ). The newer PES spectrum by Solouki et ~1.~ also displays a O-+ 1 peak which is about 1 order of magnitude weaker than the O-+0 peak. These authors found a spacing of 935* 100 cm-' between the peaks, somewhat lower than our value of 1050 f 80 cm-', but still in rough agreement when both error bars are considered. Our ionic value is essentially the same as the value for the neutral, inferred from the hot band ( 106Oh 60 cm-').
These inferences are fully supported by ab initio calculations," which find that the adiabatic I.P. is 9.38 eV, and that the geometric structures of CH2S and CH,S+ (in their respective ground states) are almost identical. According to the calculations, the main change upon ionization involves the shortening of the C-S bond by 0.036 A, in very good agreement with the value derived above.
Since in photoionization the O-+0 transition is dominant, one expects a very small change in structure between the ground state of the neutral and the ion. The active frequency is easily identified as the C-S stretch, known to The overall shape of the photoionization yield curve of CH,S [see Fig. 1 (a) ] is very reminiscent of that of CH*O, measured previously in this laboratory.20 CH,O also displays an abrupt onset, and a long, slowly ascending plateau with a prominent broad maximum -2 eV above threshold. The autoionizing features have been identified as vibrational members belonging to the [22B,]3p(a,), [~2Bl]ns(al), and [B 2B2]np(b2) Rydberg states. The states are characterized by quantum defects S,-1.1 and S,-0.8. This is in very good agreement with the atomic quantum defects for oxygen:21 S,= 1.142 and S,=O.710.
Although the features in the CH2S spectrum are not very precisely defined (because measurements have been confined to peak light intensities only), the autoionizing structure seems to form, at least partly, a similar pattern as in CH20. The lowest energy peak occurs at -1229* 1 A= 10.088 rtO.008 eV. The three peaks that follow (at -1216 A , -1204&and -1192 A) are broader and have a complex structure with some signs of splitting. Each of these three peaks appears to be a superposition of at least two Rydberg members.
The peak at -1229 A, together with the maxima of the three peaks that follow, defines a rather regular pattern with a spacing of -840 f 50 cm-'. This spacing is similar to that seen in the second band of the PES spectrum3 (840 f 100 cm-' ). One can thus conclude that these peaks represent vibrational components of one or more Rydberg series converging to 2 2B1. When the peak at -1229 A is tested against this limit (inferred from PES3 to be 11.66 eV), it yields n*=2.94. The expected atomic quantum defects for sulfur2' are S,= 1.950, S,= 1.516, and 6,=0.105. Obviously, the first observed peak is best assigned as the [,?2B1]3d,u=0 Rydberg state, with a quantum defect of -0.06. Similarly, the next peak at -1216 A is a superposition of [i2B1]3d,v= 1 and [i2B1]5s,v=0.
The latter Rydberg member has a defect 6-1.95, as expected for an ns series. The following two peaks at -1204 and -1192 A correspond to overlapping 3d,v = 2/5s,v= 3, and 3d,v= 3/ 5s,v=4 members, respectively.
The pattern of peaks changes at -1179 f 2 A, where a rather broad peak appears. This peak most probably corresponds to v = 0 of the first member of a different Rydberg series, with u= 1 following at -1167*2 A and perhaps v=2 at -1156 f 3A. The spacing between the peaks is -SO*70 cm-'. The Rydberg state is characterized by S -1.55, close to the expected atomic quantum defect for a p Rydberg electron, and thus best assigned as [~*B,]5p,v =0,1,2.
Using 11.66 eV as the-limit, a simple extrapolation places [A *B#d,v=O and [A 2B1]6s,v=0 at -1150 A. Indeed, the spectrum shows a prominent peak at -1148 f 2 A with an unresolved shoulder located at -1145 f 2 A. Another peak, perhaps corresponding to v= 1, appears at -1135 i 3 A. After that, the peak positions become muddled and a complicated pattern ensues, extending throughout the region of the broad maximum. The next member of the [2 2Bl]np,v=0 series (corresponding to n=6) would be expected at -1130 A, where one can perhaps discern a mild hump on top of a rising baseline.
Clearly, the peaks appearing at energies greater than -11.5 eV must mostly correspond to Rydberg series converging to the second excited state of CH2S+. Unfortunately, partly because the value for the v=O limit for this higher state is not entirely clear from the PES spectrum,3 partly because of the complex pattern arising from overlapping peaks, and partly because of the scarcity of experimental points in the spectrum, no reliable assignments for these Rydberg members can be given.
In short, there seems to be some evidence for the existence of vibrational components of nd and/or ns, as well as np Rydberg states converging to the A2B, ionization limit. Although no dependable assignments can beJgiven for corresponding Rydberg states converging to the B state of CH2S+, one can expect that the related structure follows a similar pattern.
B. HCS
In Sec. III B we have shown that I.P. (HCS)(7.586 *0.003 eV, based on the photoionization spectrum alone. When Franck-Condon arguments are introduced, one arrives at I.P. (HCS) <7.499&0.005 eV, and perhaps 7.412 f 0.007 eV (see also Table I ). The latter value is in fortuitously good agreement with the ab initio result" of 7.41 eV, although both experimental values fall within the typical error bar ( f 0.1 eV) of the calculation.
The breadth of the Franck-Condon distribution (see Fig. 4 and discussion in Sec. III B) attests to the fact that HCS undergoes a substantial change in geometry upon ionization. This view is fully supported by ab initio calculations l9 which find that HCS+ is linear in its ground state, while the neutral counterpart is bent (HCSQ = 134.1"). Apart from the dramatic change in the angle, the calculations predict only a slight shortening of both the C-S bond (0.018 A) and C-H bond (0.005 A). Thus one can safely conclude that the progression of 0.087 f 0.004 eV=700*30 cm-', which dominates the photoionization curve, corresponds to the bending vibration of HCS+. This vibration is doubly degenerate in HCS+, and, at first glance, should not appear excited. One of its components, however, becomes allowed when the lower, common symmetry of both the linear HCS+ and bent HCS is considered. The ab initio calculation" predicts the doubly degenerate bending frequency of HCS+ to be 786 cm-' (when the usual scaling factor of 0.89 is applied), close to our experimental value.
In Sec. III B we have shown that the observed FranckCondon distribution in the photoion yield curve of HCS can be fitted fairly well by a Poisson distribution either with a=5.6-5.8 when the I.P. is assumed to be 7.499 *0.005 eV, or with a=7.4-7.8 when the I.P. is lowered to 7.412 f 0.007 eV. This analysis can be expanded by computing the related change in angle implied by the fit. The proper procedure would have to make use of a Duschinsky transformation22 which relates the normal modes of the bent neutral HCS to the linear HCS+. However, as the parameters of the distribution were derived by using the simplest harmonic model possible, we are justified at this point in ignoring this complication. Thus we will use the expressions pertinent to the bending coordinate of a linear triatomic molecule XYZ. In this approach, the reduced mass p can be calculated from23 l/p= [r2,c/msf&h~+ (k+kd2hd/(kC* b), using bond lengths borrowed from the ab initio geometry" of HCS+ ( rHc = 1.086 A, rcs = 1.494 A). The quantity A in the expression a=A2pv2&h relates to the change in angle Sg, (in radians) as 6% =A2/(rHC. rcs). With ~=700*30 cm-', the range of values a=747.8 corresponds to 6+=50.8* 1X, implying that the angle in the neutral HCS is 129.2"* 1.8". Similarly, a=5. 6-5.8 gives S+ =44.o"=t 1.4" or an equilibrium angle of 136.0"& 1.4" for the neutral. The latter is in excellent agreement with the ab initio calculation," which predicts 134.1". Nevertheless, even this extension of the Franck-Condon analysis cannot distinguish between the two choices for the I.P. with any reasonable certainty. What is does indicate, though, is that the I.P. is neither significantly lower nor higher than 7.4-7.5 eV.
The broad Franck-Condon distribution resulting from a bent to linear transition upon ionization of HCS parallels the situation found by Dyke et ~1.~~ in their PES study of the homologous species HCO. In fact, there the adiabatic 0-O transition was also too weak to be observed directly. By performing a Franck-Condon analysis, they assigned the first observed peak at 8.35 *to.01 eV as v' =2 and inferred an adiabatic value of 8.14*0.04 eV. sulfur lone pair orbital. A similar statement can be made for the oxygen homologs, also listed in Table I . CH,SH has, on the other hand, a much lower I.P., characterized by the unpaired electron localized near the carbon atom. As pointed out previously,' this is probably the reason for the similarity between I.P. (CH,SH) and I.P. ( CH20H). Perhaps not entirely by coincidence, I.P.(HCS) also has a similar value. However, HCO does not quite seem to follow this pattern, meaning either that the analogy is inappropriate here, or that the true adiabatic I.P. of HCO is perhaps even lower than that inferred by Dyke et al.24 C. Thermochemistry
The ground state of HCSf is a singlet, and corresponds to ejection of an unpaired electron from the uppermost singly occupied orbital. Ejection of an electron from the next deeper molecular orbital will yield both a triplet and a singlet state of the cation. In our photoionization spectrum of HCS (see Fig. 4 ), a number of peaks superimposed on the staircase baseline can be readily discerned. These must correspond to autoionizing states converging to one or several excited states of HCS+. Their exact location (and intensity at the apex) is rather uncertain, because only peak intensities in the light spectrum have been utilized to obtain the photoionization yield curve. Starting from the threshold, prominent peaks of differing widths and shapes appear at 1593.5* 1.5 A=7.781*0.007 eV, 1556*4 Ae7.97AO.02 eV, 1545*2 A=8.03*0.01 eV, 1527h2 A=8.12+0.01 eV, and 1518*2 A=8.17*0.01 eV. Beyond 15 15 A, the peaks merge and start forming a complex pattern. Besides these strong peaks, the spectrum displays a number of less intense features, whose positions cannot be accurately determined. All of the above, coupled with the anticipation of more than one Rydberg series, each with possible vibrational components, precludes any attempt to give plausible assignments for these peaks. However, if we borrow the quantum defects from CH,S (see Sec. IV A), we can conclude that the lowest possible effective quantum number is n* = 2.0-2.1 (corresponding to a 4s Rydberg member). If we associate this n* with the lowest energy peak (at 1593.5% 1.5 A), we can obtain an upper value for the possible convergence limit of about 11.03+0.16 eV, or about 3.5-3.6 eV above the first I.P. Another way to estimate the position of the limit (which presumably corresponds to the lowest triplet state of HCS+), is to take the difference between X IX+ and Z311, states in the isoelectronic neutral molecule CS. Huber and Herzberg25 give this value as 3.4202 eV. Combining this quantity with our I.P.(HCS), yields a value of -10.9 to 10.8 eV as a very crude estimate for the second I.P. of HCS. For comparison, Curtiss and Pople" calculate the lowest triplet state of HCS+ to be 3.75 eV above the ground state. propagates from the uncertainty associated with tifl( CH,SH+ ). Table II ).
Combining h(HCS+) ~244.2 * 1.0 kcal/mol ( =242.6-12.0 kcal/mol) with I.P. (HCS) (7.499 *O.OO! eV (or 7.412*0.007 eV), one obtains Apfo(HCS) <73.3* 1.0 kcal/mol, )69.7*2.0 kcal/mol, and 71.7*2.0 kcal/mol as an upper limit, lower limit, and most probable value, respectively. The latter value is in very good agreement with the ab initio" result, Aflfl( HCS) = 70.8 kcal/ mol. Now we would be in a position to check our AH, ( 46, 49) is even slightly lower, 185.6 kcal/mol. Thus one can conclude that AH,(46,49) is in error by -3-4 kcal/mol. Indeed, by using the theoretical" tifl values for the relevant species, one finds that AHr( 46,49) = 7 kcal/mol and AHr( 48,49) = 5 kcal/mol, both -3 kcal/mol higher than the experimental shifts. In Sec. III C we already surmised that this might be possible. The present analysis is essentially suggesting that the CH3SH,f fragment from CH3SSCH3 is retarded 3-4 kcal/ mol less than CH,S+, CH,SH+, and CH,SH+, in spite of the fact that the latter three fragments appear before CH,SHz. There are different possible reasons for this effect, one of them being that the fragmentation channel leading to CH,SHc proceeds through a "loose" transition complex, while CH2S+, CH3SH+, and CH2SHf are connected to a similar, "tight," transition state (or states).
Accepting the selected enthalpies of formation from Table II (and using some auxiliary values 34-37), one can calculate various bond energies for the CH,S system. These are presented in Table III soning applies also to the S-H bond strengths in CH$H and CH3SH. As a consequence, the sequence D,, (H-CH,S), n =2,1,0, oscillates between a high and a low value. The same effect is present in many other systems, most notably C,H, and Si,H,.40
V. CONCLUSIONS
The present photoionization measurements yield I.P. (CH$) = 9.376 f 0.003 eV, in excellent agreement with one' of the previous PES values. The threshold behavior implies a very small change in geometry upon ionization. The overall shape of the photoion yield curve is similar to that of the homologous CH,O. Evidence has been found for n_d and/or ns and np Rydberg states converging to the A state of CH$+. These Rydberg states display a broad vibrational envelope, similar to that of the second system in the PES spectrum. In addition, the HCS+ fragment from CH,S has been determined to appear at <11.533~0.021 eV. The adiabatic I.P. of HCS has not been determined directly by photoionization, mainly because of very low Franck-Condon factors at threshold. effects and the nature of the process. The true threshold for CH$+ occurs in a Franck-Condon gap between the X and A states of CH,SH'. This makes the initial intensity weak and emphasizes the thermal effects. In addition, the transition state leading to the CH,S+ fragment is very "tight," because it corresponds to a sterically hindered I,2 elimination of Hz. This also contributes significantly to the roundedness of the tail. The reported appearance potential corresponds to a threshold selection deep into the tail, very close to the first departure from the background level. Although the listed value should, perhaps, have been considered as a lower limit, in this case there are still no better or more rigorous ways to select a threshold. Incidentally, Ref. 11 derives Aflfl(CH,S) =33.1 f 1.5 kcal/mol. Besides the fact that this value was based on too low an appearance potential, which was then combined with an estimated I.P. (CH$) =9.30 eV (also too low), an inadvertent arithmetic error must have occurred. With the same assumptions, the correctly calculated value would be Aflfl(CH$)
